Background: Low birth weight (LBW, o 2500 g) has been associated with exposure to air pollution, but it is still unclear which sources or components of air pollution might be in play. The association between ultrafine particles and LBW has never been studied. Objectives: To study the relationships between LBW in term born infants and exposure to particles by size fraction, source and chemical composition, and complementary components of air pollution in Los Angeles County (California, USA) over the period [2001][2002][2003][2004][2005][2006][2007][2008]. Methods: Birth certificates (n ¼ 960,945) were geocoded to maternal residence. Primary particulate matter (PM) concentrations by source and composition were modeled. Measured fine PM, nitrogen dioxide and ozone concentrations were interpolated using empirical Bayesian kriging. Traffic indices were estimated. Associations between LBW and air pollution metrics were examined using generalized additive models, adjusting for maternal age, parity, race/ethnicity, education, neighborhood income, gestational age and infant sex. Results: Increased LBW risks were associated with the mass of primary fine and ultrafine PM, with several major sources (especially gasoline, wood burning and commercial meat cooking) of primary PM, and chemical species in primary PM (elemental and organic carbon, potassium, iron, chromium, nickel, and titanium but not lead or arsenic). Increased LBW risks were also associated with total fine PM mass, nitrogen dioxide and local traffic indices (especially within 50 m from home), but not with ozone. Stronger associations were observed in infants born to women with low socioeconomic status, chronic hypertension, diabetes and a high body mass index. Conclusions: This study supports previously reported associations between traffic-related pollutants and LBW and suggests other pollution sources and components, including ultrafine particles, as possible risk factors.
Introduction
Intrauterine growth restriction and resulting low birth weight (LBW, defined as birth weight less than 2500 g) have been associated with increased risks of chronic diseases in later life such as the metabolic syndrome, type 2 diabetes mellitus and cardiovascular diseases, (Chernausek, 2012) , but also wheezing and asthma in childhood (Caudri et al., 2007) . Air pollution induces oxidative stress, inflammation (Schlesinger et al., 2006) and hemodynamic changes, which are suspected to impair oxygen and nutrient transport to the fetus, and in turn, intrauterine growth (Kannan et al., 2006) . Results from a growing number of epidemiological studies do suggest that exposure of pregnant women to air pollution may result in higher risks of LBW (Dadvand et al., 2013; Pedersen et al., 2013; Stieb et al., 2012) .
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/envres However, associations between air pollution exposure and LBW differ widely depending on study settings and designs (Brauer et al., 2008; Laurent et al., 2013) .
It is suspected that the different definitions of air pollution metrics partly contribute to discrepancies in the literature (Dadvand et al., 2013) . Characterizing exposure to air pollution is challenging and the different exposure assessment methods present advantages and limitations (e.g., in terms of temporal and spatial resolutions). Consequently, assessing the consistency of epidemiological results obtained using complementary exposure metrics can be useful to draw more informed conclusions. For instance, in Los Angeles positive associations were observed between the risk of preeclampsia and ambient nitrogen oxides concentrations, whether these concentrations were estimated by monitoring station measurements, land use regression or deterministic modeling, which strengthened confidence in this finding (Wu et al., 2011b) .
Particulate matter (PM) has various core compositions and absorbs transition metals, polycyclic aromatic hydrocarbons (PAHs) and other organic compounds, that are able to generate oxidative stress and inflammation to various extents (Schlesinger et al., 2006; Delfino et al., 2010) . Differences in PM composition have therefore been hypothesized to modify the relationship between total PM mass and LBW (Ebisu and Bell, 2012) . Notable spatial contrasts in PM composition have been documented across the U.S. (Bell et al., 2007) . However, few studies investigated the relation between PM composition and birth weight (Bell et al., 2010 Darrow et al., 2011; Ebisu and Bell, 2012) , probably because of the scarcity of particle speciation data.
There are also open questions, of direct relevance to policy, on the sources of air pollution most likely to generate detrimental effects on pregnancy outcomes. Recent publications have suggested a possible influence of primary emissions from traffic on LBW (e.g.: Laurent et al., 2013; Wilhelm et al., 2012) . Such an influence is biologically plausible since some components of primary traffic emission (e.g.: organic compounds such as PAHs, elemental carbon, trace metals) promote systemic inflammation and decrease antioxidant enzyme activity (Delfino et al., 2010) . The possible influence of other sources of air pollution (e.g.: wood burning and meat cooking, that notably generate PAHs and other organic compounds) has also been suggested (Boy et al., 2002; Wilhelm et al., 2012) . However, only one study attempted to assess simultaneously the relative contributions from different sources to the risk of LBW (Wilhelm et al., 2012) , probably since results from source apportionment methods (e.g.: Chemical Mass Balance or Positive Matrix Factorization) are relatively rare and remain sitespecific.
Chemical transport models (CTMs) have been used to address issues of the lack of source information and measurement scarcity for certain air pollutants (Hu et al., 2014a) . For instance CTMs can predict the detailed size and chemical composition of primary PM with reasonable temporal and spatial resolution, while keeping track of source information. This approach can also apply to particles of certain size fractions for which direct measurement data are usually too rare to be directly usable in epidemiological studies, such as particles less than 0.1 mm in aerodynamic diameter (PM 0.1 ) (Abernethy et al., 2013) . Concerns exist about the toxicity of PM 0.1 due to their specific properties (potential for translocation into the blood or other organs than lung, large number concentration and surface-to-volume ratio) (Knol et al., 2009) . To the best of our knowledge, the relationship between birth weight and PM 0.1 has never been studied.
This work aimed at studying the relationships between air pollution and LBW in term born infants in Los Angeles County, California. It extends previous research on this topic, by using spatiotemporal chemical transport modeling of primary particles by source and composition and by studying PM 0.1 exposure. It also makes use of more commonly used air pollution metrics such as interpolated measurement data, traffic indices and proximity to roads. This allows for comparison of results according to complementary exposure metrics for traffic-related air pollution.
Methods

Study population
Birth certificate records for all births occurring from January 1, 2001 to December 31, 2008 to women residing in Los Angeles County (n¼ 1,203,782) were obtained from the Health Information and Research Section at the California Department of Public Health. Multiple births (n¼ 35,213) were excluded along with infants with recorded birth defects or unknown birth defects status (n¼3353 and n ¼398, respectively). Births with missing information for gestational age (n ¼62,724), or implausible combinations of birth weight and gestational age (Alexander et al., 1996) were also excluded (n ¼4995). Further, infants born before 260 or after 308 estimated days of gestation (n ¼141,485 and n¼ 22,839 respectively) were excluded (Bell et al., 2010) . Several exclusion criteria overlapped for certain births, leaving 960,945 births for analyses.
Maternal addresses of residence recorded on birth certificates were geocoded using the University of Southern California GIS Research Laboratory geocoding engine (Goldberg et al., 2008) , which geocoded births at the centroid of tax parcels whenever feasible. In total, we had 53% of addresses geocoded to a specific parcel, 42.5% using address range interpolation, 1 4.5% at the Zip code centroid level, and 0.05% at the city centroid.
Air pollution metrics
Chemical transport modeling
The University of California Davis/CIT_Primary (UCD_P) chemical transport model (Hu et al., 2014a) estimated primary ground-level PM element concentrations across densely populated areas of California including Los Angeles County at a 4 km Â 4 km grid resolution for particles ranging from 0.01 to 20 mm from approximately 900 sources. In the present study, the simulated PM concentrations were calculated for two particle size fractions (PM 2.5 and PM 0.1 ) for the period of 2000-2006. The UCD_P model was developed to track primary PM (emitted directly from sources) through a simulation of emission, advection, diffusion and deposition. The detailed descriptions of the model and its validation are the purpose of other publications (Hu et al., 2014a (Hu et al., , 2014b , but its main components are summarized below. Size and composition resolved particle emissions were derived from a library of primary particle source profiles measured during actual source tests. Gridded emissions were prepared using the raw emissions inventory provided by the California Air Resources Board (Hu et al., 2014a) . Meteorological inputs were prepared using the Weather Research and Forecast (WRF) model version 3.1 (Skamarock et al., 2008) . Published papers describe the bulk advection and turbulent diffusion algorithm (Kleeman and Cass, 2001) , the dry deposition approach (Kleeman et al., 1997) , the vertical advection scheme (Hu et al., 2010) , and the wet deposition scheme (Mahmud et al., 2010 ) used in the model. Every source with a unique emissions inventory code (EIC) in the emissions database was tracked separately through model simulations. In the present study, we defined seven broad source categories, namely gasoline, diesel, shipping, high sulfur combustion sources (including aircraft, electricity generation, petroleum refining and other industries), commercial meat cooking, wood burning, and other sources. The mass and density of size-resolved PM were tracked during model calculations, with composition profiles applied during post-processing of results. UCD_P only tracked primary PM and did not account for the formation of secondary PM produced by chemical reactions in the atmosphere, which might have different health effects (Delfino et al., 2010) and will be studied in future works.
Women living in each of the 448 model grid cells covering Los Angeles County (see Appendix Fig. A.1 ) at the time of delivery were assigned daily concentrations estimated for the corresponding cell, which were then averaged for specific pregnancy periods (entire pregnancy, 1st, 2nd or 3rd trimester).
Monitoring station measurements
Measurements from government monitoring stations for the period 2000-2008 were obtained from the California Air Resources Board for total PM 2.5 , nitrogen 1 If no parcel match could be found for an address, an approximate location for this address was determined by using the address range for the matched street segment -the location was determined by computing where the address would fall as a proportion of the total address range associated with the appropriate side of the street segment. This proportion was then applied to the total length of the street segment (Goldberg et al., 2007) .
dioxide (NO 2 ) and ozone (O 3 ). Only results from filter-based measurements, generally conducted every 3 or 6 day, were included for PM 2.5 . Hourly NO 2 and O 3 measurements were converted to daily means using a criterion of 75% daily data completeness at 24-h basis. Only data for the 10 AM-6 PM time windows were used to calculate daily means for O 3 . Monthly averages for pollutants were then calculated for stations with more than 75% days of valid data in a month. These monthly averaged concentrations were spatially interpolated between stations using an empirical Bayesian kriging (EBK) model (Pilz and Spock, 2007) implemented in ArcGIS 10.1 (ESRI, Redlands, CA). EBK accounts for the uncertainty of semivariogram estimation by a process of subsetting and simulations. Due to a high computational cost, we conducted 100 variogram simulations for monthly averaged concentrations only. Pollutant surface predictions and their associated variance (reflecting the uncertainty in variogram estimation and subsequent predictions) were generated for 200 m Â 200 m grids. The EBK was applied for the entire California, where the number of available monitors with valid measurements for each pollutant varied during the study period. The ranges of available monitors per month were 75-98 for PM 2.5 , 151-182 for O 3 and 94-109 for NO 2 . Our study region (Los Angeles County) had 5-11 monitors for PM 2.5 , 12-16 for O 3 , and 11-16 for NO 2 (see Appendix Fig. A.1 ). Final pollutant concentration estimates were calculated for each mother by weighing monthly average concentrations by the number of days of each month during pregnancy or specific pregnancy trimesters (Wu et al., 2011b) .
Traffic and roadways
Traffic indicators are crude proxies for emission sources of traffic-related pollutants (Wilhelm and Ritz, 2003) but might capture -though imperfectlysmall-scale variations in primary traffic emissions (e.g.: PM 0.1 EC, trace metals) which were modeled only at coarser resolutions in this study. Traffic densities within circular buffers of different sizes (radii from 50 m to 350 m with a 100 m increment) centered on maternal homes were calculated based on 2002 annual average daily traffic counts (AADT) data from the California Department of Transportation (CALTRANS, 2012) . To estimate traffic density, AADT on each road segment was weighted by the length of this same road segment within the buffer. These traffic densities based on 2002 AADT were then scaled to other years based on temporal trends in total vehicle miles traveled in Los Angeles County (CALTRANS, 2013) .
TeleAtlas street data (ESRI, 2010) were used to calculate the distance from each maternal home to the nearest freeway or highway (defined by categories of Functional Road Classes(FRC) A0-A3), and the nearest major road (FRC A0-A5). The same road data were used to calculate the total length of major road segments within 50-350 m around homes.
Statistical analyses
Generalized additive models as implemented in the "mgcv" package (version 1.7-18) of the R environment (version 2.15.1) were used to study the relationships between air pollution metrics and term LBW. A logistic link function with a quasibinomial distribution was used, given observed under-dispersion (scale parameterr 0.2). In the main models, maternal race/ethnicity, educational level, parity, the trimester of pregnancy during which primary care began and infant's gender were adjusted for using categorical variables. Maternal age, length of gestation and median household income by Census Block Group (U.S. Census Bureau, 2004) were adjusted for using smoothing splines, given their J-shape relationships with LBW. For pollutant concentrations interpolated by EBK, regressions were weighted by the inverse variance of pollutant predictions. For temporally-varied exposure, we conducted analyses for entire pregnancy exposures, then for each pregnancy trimester. We explored the shapes of the relationships between air pollution metrics and LBW using smoothing splines, and generally observed no major departure from linearity (see Appendix Fig. A.2) . We therefore introduced most air pollution metrics as linear terms in the models and then report related odds ratios (OR) for LBW per an inter-quartile range (IQR) in air pollution metrics, with 95% confidence intervals (CI). Distance to roadway was analyzed using dichotomous indicators for living or not living within certain distances (i.e. 50, 100, 150 m) from roads.
In sensitivity analyses, we examined the effects of further adjustment for population density, diabetes (pre-pregnancy and gestational combined), chronic hypertension and preeclampsia. We explored the influence of controlling for both seasonal and long-term temporal trends by adjusting for a smoothed function of the day of conception, with four degrees of freedom per year (Barnett et al., 2011) . In the subset of infants born in 2007 and 2008, we examined the effects of adjustment for maternal height, body mass index (BMI) at the beginning of pregnancy and weight gain during pregnancy, which were only recorded on birth certificate during these two years. Further, we explored the influence of geocoding accuracy, by analyzing the subgroup of births geocoded at the exact parcel centroid.
We investigated potential effect modifications by maternal race/ethnicity, education, median block group income, hypertension, diabetes (pre-pregnancy and gestational combined) and preeclampsia. In the 2007-2008 births subsets, effect modification by maternal BMI at the beginning of pregnancy was explored, using categories defined by Abrams and Parker (1988) (see Table 1 ), with and without adjusting for maternal height and weight gain during pregnancy. As the inter-quartile range in exposure differs between subgroups defined by categories of potential effect modifiers, we present all results of subgroup analyses standardized to the IQR in exposure observed for the entire population.
This study has been approved by the Institutional Review Board of the University of California, Irvine.
Results
The mean birth weight among term born infants was 3390.1 g (standard deviation: 459.8 g) and 22,420 (2.33%) of them had a LBW. Maternal educational level was missing for 1.4% of the subjects (Table 1) . The proportion of missing data was even lower for other variables, except for maternal height, weight at the beginning of pregnancy, and gestational weight gain (9.2%, 13.8%, and 15.3% respectively) in 2007-2008 data. The proportion of missing data for diabetes, chronic hypertension and preeclampsia is unknown -only the presence, but not the absence, of these diseases was explicitly recorded on birth certificates. The proportion of LBW by maternal characteristics, diseases and median income level follows the expected directions (Table 1) . Appendix, Table A .1 presents the mean and correlation of each exposure metric used in the study. Total PM 2.5 and NO 2 interpolated by EBK were strongly positively correlated, and both were negatively correlated with O 3 . Total PM 2.5 was moderately correlated with primary PM 2.5 modeled by UCD_P (R ¼0.49) and was weakly correlated with traffic density, road length and distance to roads (R r0.20) . UCD_P predictions of primary PM from several sources were highly correlated with each other -gasoline and diesel (R¼0.96), meat cooking and gasoline or diesel (R¼ 0.86), mass from all sources and from sources classified as "other" (R ¼0.96 and 0.89 for PM 2.5 and PM 0.1 respectively). Gasoline and diesel contributed respectively to 8% and 21% of the total PM 2.5 primary mass, and to 12.5% and 24% of the total PM 0.1 primary mass. Contributions from meat cooking, wood burning, high sulfur sources and shipping were respectively around 15%, 8%, 6% and 3% for each PM fraction.
The correlations between primary PM 2.5 and PM 0.1 for the same source were above 0.87. The correlations between PM 2.5 and PM 0.1 for a same chemical species (contributions from all sources being summed) ranged from 0.67 to 1. Traffic density and road length were only slightly correlated with pollutant concentrations interpolated by EBK or with predicted primary PM 2.5 and PM 0.1 from all sources (|R| r0.23). Correlations between road length and traffic density within a same buffer size ranged from 0.53 (50 m buffer) to 0.62 (350 m buffer). Distance to roadways was negatively but moderately correlated with all other exposure metrics (|R|r 0.32), except O 3 (R¼ 0.20).
For the entire pregnancy exposure, a 2.5% increase in risk of term LBW was associated with an inter-quartile range increase in primary PM 2.5 or PM 0.1 , for all sources summed. Significant associations of similar magnitudes were also observed for primary PM from each specific source, except shipping (Table 2) . Gasoline was the PM source most strongly associated with LBW, followed by wood burning and meat cooking. Among the chemical species studied, increased LBW risk was associated with elemental and organic carbon (EC, OC), potassium, iron, manganese and nickel in both particle fractions. Increased LBW risk was also associated with titanium and copper in PM 2.5 and chromium in PM 0.1 . Associations with UCD_P predictions were overall stronger for third trimester exposures (Appendix, Table A.2).
For EBK-interpolated measurements, we observed a significant increase in LBW risk for total PM 2.5 , but not O 3 or NO 2 ( Table 2) . The OR for total PM 2.5 was of similar magnitude to that observed for primary PM 2.5 or PM 0.1 estimated by the UCD_P model. Trimester-specific results revealed patterns similar to those for the entire pregnancy period (Appendix, Table A.2). However, for the third trimester exposure only, a significantly increased LBW risk was associated with NO 2 , whereas a significantly decreased risk was associated with O 3 .
Small yet statistically significant increases in LBW risk were associated with increases in traffic density and total road length within 50 m buffers. For road length, an increased LBW risk was also significant for a 150 m buffer. Living within 50 m and 100 m of any major road was associated with a 6% (95% CI: 4-7%) and 3% (95% CI: 2-4%) increase in LBW risk respectively. The increase was 7% (95% CI: 1-13%) for living within 50 m of a freeway or highway (Table 2) . Adjustment for population density, diabetes, chronic hypertension, preeclampsia, maternal height, pre-pregnancy BMI or weight gain during pregnancy changed ORs by 1% or less (data not shown). The influence of adjustment for time of conception was also weak, except that for wood burning it yielded increased odds ratios, from about 2% to 5-6% increase in risk per IQR in exposure (Appendix Table A. 3). Restricting analyses to births geocoded to the exact parcel centroid reduced the study population by half, but did not substantially change the distribution of maternal age, education or race/ethnicity. In this subgroup with the best geocoding accuracy, ORs remained positive and significant for primary PM from gasoline, diesel, meat cooking and all sources grouped, road length within 50 and 150 m buffers and living with 50 m of major roadway or freeways. Contrarily to the main analysis, traffic density within 150-350 m buffers but not 50 m was associated with increased LBW risk (data not shown).
For analyses stratified by maternal race/ethnicity, most significant associations between LBW and primary PM were observed in infants of Hispanic mothers (Appendix Table A .4) . Increased risks associated with NO 2 were observed in infants of Hispanic and African Americans mothers, whereas increased risks associated with O 3 were observed in infants of White non-Hispanic mothers. A few unexpected significant decreases in risk were observed notably in infants of Asian mothers for PM, O 3 and NO 2 , and of White non-Hispanic mothers for traffic density and road length in 250 and 350 m buffers.
For analyses stratified by maternal education, significant and generally stronger associations with EBK-interpolated PM 2.5 and NO 2 and with primary particles were observed for the lowest educational levels subgroups (Appendix Table A .5). For traffic and road indices, overall more significant increases in risk were observed in subgroups with higher education. However, statistical power was lower in the group with the lowest educational level. Analyses stratified by quartile of block group median income did not reveal any marked pattern (data not shown).
Stronger associations between LBW and air pollution were observed in women with than without chronic hypertension, for most exposure metrics considered (see Appendix Table A.6). Stronger associations were also observed in women with than without diabetes for ozone, traffic and road indexes, but patterns were less clear for other exposure metrics (Appendix Table A .7) . No consistent pattern was observed by preeclampsia status (Appendix Table A .8). In 2007 .8). In -2008 data, the risk of LBW associated with EBK-interpolated PM 2.5 consistently increased from the lowest to the highest pre-pregnancy BMI category. This pattern persisted after further adjustment for maternal diseases, height and weight gain (data not shown). No such pattern was observed for O 3 or NO 2 (Appendix Table A.9).
Discussion
This is one of the first studies relating term LBW with concentrations of primary particle by source and composition and to the best of our knowledge, the first study of PM 0.1 and LBW. The results show modest increases in the risk of LBW associated with primary PM 2.5 and PM 0.1 from all sources except shipping and with several chemical species (EC, OC, potassium, iron, manganese, chromium, nickel, copper and titanium) in primary PM. Increased LBW risks are also associated with total PM 2.5 interpolated by EBK, with NO 2 in the last pregnancy trimester, and with local traffic indicators. Several population subgroups with potentially higher susceptibility were identified -infants of mothers with a lower education, Hispanic ethnicity, diabetes, chronic hypertension, and a high BMI.
Long-term measurements for PM speciation or for PM 0.1 mass are very limited (Abernethy et al., 2013; Bell et al., 2007) . Chemical transport modeling is an alternative approach to address the lack of measurement data and to link pollutant concentrations with specific sources. The resolution of 4 km Â 4 km grid cells is coarse as compared with, for instance, spatial variations of ultrafine particle number emitted by traffic sources (Karner et al., 2010) . Still, this approach allowed reflecting spatial contrasts at broader scales, that would not be captured by central site monitors (Hu et al., 2014a) , and allowed including all births in Los Angeles County, whether mothers were living close to a monitor or not.
Detailed discussions on uncertainties in UCD_P predictions associated with model inputs and treatment on various processes have been presented in Hu et al. 2014a; Hu et al. 2014b . The UCD_P model includes all the important processes for primary PM, but does not include secondary aerosol formation, coagulation, and nucleation. Sensitivity analyses indicate that these omitted processes have important contribution to total PM (primaryþ secondary), but generally have a less than 10% impact on annual average primary PM concentrations (Hu et al., 2014b) . The WRF predicted wind field, one of the key meteorological parameters for determining the primary PM concentrations, is generally biased high on stagnant days, leading to underprediction of high primary pollution events. Uncertainties in emissions, such as lack of high temporal resolution of residential sources and incomplete chemical source profiles for 157 sources, also lower the model ability to reproduce some of the observed strong day-to-day variations. As a result, model predictions are in better agreement with measurements over longer averaging time (e.g., Z1 month) than when day-to-day variations are considered. For instance, longer averaging time increased the overall correlation for PM 2.5 EC from 0.89 (1 day) to 0.94 (1 month), and overall increased the number of species with strong correlations (Hu et al., 2014b) . The present study focused on exposure averaged on the entire pregnancy period and on specific pregnancy trimesters, which should minimize the impact of errors in the prediction of daily variations.
A complete validation study for the UCD_P predictions, including comparisons between predictions by source and the results of source apportionment studies conducted at five locations throughout California and during different episodes, has been conducted (Hu et al., 2014a) . Excellent agreements were observed between source contributions modeled by UCD_P and estimated by chemical mass balance models, for mobile sources and wood burning. The degree of agreement was also good for meat cooking, except in a specific rural setting (Angiola). This however might be due to high uncertainties in the measurement of cholesterol, that was used as an organic marker for meat cooking (Hu et al., 2014a) . The agreement between modeled concentrations and the results of source apportionment studies across several locations and in different episodes builds our confidence in the model results at other locations and time.
In the analyses, we decided a priori to include only PM components for which correlations between monthly averaged predictions and measured values (both in PM 2.5 , since measurement results for most components were available only for that fraction) were 40.6 in Los Angeles. Correlations were 40.8 for EC, potassium, chromium, iron, arsenic, manganese, copper, nickel and lead in PM 2.5 (Hu et al., 2014b) . No validation results were available for primary OC because secondary formation accounts for a significant fraction of total OC mass. PM 0.1 mass prediction agreed well with available measurements across all Californian sites (that were available from the literature and had varying temporal resolution, from 3 days to 5 months, R ¼0.92). EC was the only PM 0.1 component for which the correlation between UCD_P prediction and measurements could be evaluated, and this was also found to be high (R¼0.94, N ¼8 sites) (Hu et al., 2014a) . There is greater uncertainty in the metal composition results for PM 0.1 than for PM 2.5 , since insufficient PM 0.1 metal measurements were available for validation with robust statistical analysis. This is likely due to the difficulty in measuring minute quantities of elemental species in the PM 0.1 size fraction (Hu et al., 2014a) . Predictions for metals in PM 0.1 might be correct but could not be rigorously evaluated so far and were thus left unconstrained.
Presently, our findings based on primary particles by source and composition can only be compared to a few other studies that were all based on measured PM 2.5 data. Bell et al. (2010 Bell et al. ( , 2012 studied the associations between term LBW and PM 2.5 by source and composition averaged at the county resolution from monitoring station measurements in four Connecticut and Massachusetts counties. This research was later extended to the Northeastern and Mid-Atlantic regions of the US for PM 2.5 composition (Ebisu and Bell, 2012) . In Los Angeles County, Wilhelm et al. (2012) conducted a similar study but assigned exposure based on 22-months of monitoring station data for women living within 8 km of the stations. In Atlanta, Darrow et al. (2011) assigned PM 2.5 element concentrations measured at one central site to subjects living within five surrounding counties. The European ESCAPE and LISA studies examined PM absorbance, a marker for elemental carbon (Pedersen et al., 2013; Slama et al., 2007) . Despite exposure metrics of different natures in these studies, their results are qualitatively consistent with ours for PM 2.5 EC (Bell et al., 2010; Darrow et al., 2011; Ebisu and Bell, 2012; Pedersen et al., 2013; Slama et al., 2007; Wilhelm et al., 2012) , potassium , iron (Bell et al., 2010) , titanium Ebisu and Bell, 2012) and nickel (Bell et al., 2010; Ebisu and Bell, 2012) . No studies that examined PM 2.5 OC reported significant associations (Darrow et al., 2011; Ebisu and Bell, 2012; Wilhelm et al., 2012) . However, these studies relied on measured data with a large portion of secondary OC, whereas UCD_P modeled only primary OC. In Atlanta, the summed mass of several water soluble metals in PM 2.5 (chromium, copper, iron, manganese, nickel and vanadium) was associated with a decrease in mean birth weight (Darrow et al., 2011) . The same exposure metric (excluding vanadium, which contributes very little to mass) was associated with an increase in LBW risk in our study (data not shown). Some studies suggest possible influences of chromium (Junaid et al., 1996) on birth weight reduction in animals. In summary, our analyses identified a number of chemical species as potentially harmful. However, observed associations might be misleading if these species are strongly correlated with other pollutants that increase LBW risk, for instance if they share common sources, similar dispersion patterns and chemical properties. Therefore, these results call for confirmation in other study settings.
Analyses of PM by source revealed positive associations between LBW and PM from most evaluated sources. These findings are supported by other studies for meat cooking and gasoline (Wilhelm et al., 2012) , diesel (Slama et al., 2007; Wilhelm et al., 2012) , traffic related PM 2.5 overall (Bell et al., 2010) and wood burning (Boy et al., 2002) . Fast food restaurants and road traffic are both important contributors to PM 0.1 emissions (Abernethy et al., 2013) and PM 0.1 might be the pollutant causing the association between these sources and LBW. However, primary PM 2.5 and PM 0.1 from meat cooking and from traffic are very strongly correlated (across sources and fractions), making it difficult to disentangle the influence of each source and each fraction. Most of particle emissions from meat cooking are due to commercial meat cooking in our study setting. Commercial meat cooking and traffic sources likely correlate in space, since commercial restaurants and fast-food stores may be more densely located in areas with a dense transportation network due to marketing reasons. Positive associations were also observed between LBW and PM 2.5 or PM 0.1 from high sulfur sources, which include a wide variety of sources (e.g., electricity generation, petroleum refining, aircraft). Conducting more thorough investigations by source subtype would be needed to get more insight into these observed associations.
The EBK approach we used to interpolate measured pollutants concentrations allowed retaining both their temporal and spatial variability. However, because of its high computational cost, temporal variability in air pollution measurement was not considered at a finer than monthly resolution. In order to estimate the impact of the resulting approximation in exposure calculation on odds ratio estimates, we compared results obtained using UCD_P daily estimates and monthly estimates. As expected, estimating exposure for the entire pregnancy period by using daily data (Table 2 ) yielded very similar results to those obtained when exposure data were previously averaged by calendar month (Appendix Table A .10). Differences in odds ratios were generally not visible after 3-digit rounding. Such differences were also slight when pregnancy trimesters were considered (Appendix Table A .11) For the spatial resolution, EBK does not incorporate spatial covariates for prediction as would do land use regression or cokriging models. It therefore models the general trends in spatial variations. For this reason, we only applied EBK to pollutants that exhibit strong regional trends (PM 2.5 , O 3 and NO 2 ). EBK-produced variance maps reflect the uncertainty in prediction estimates. However, weighting regressions by the inverse of this variance had no noticeable influence on ORs and only slightly reduced confidence intervals (data not shown). A previous study in Los Angeles County identified an association between LBW and total PM 2.5 during the third trimester only (Ghosh et al., 2012) , whereas we observed significant associations for exposure during the entire pregnancy and each pregnancy trimester. This previous study however was restricted to subjects living within 8 km from monitoring stations (Ghosh et al., 2012) . The EBK approach allowed including all Los Angeles County births, yielding greater statistical power.
The finer the spatial resolution of the exposure metrics considered (e.g., traffic density indices, road length and distance to roads), the more important the precision of subject geocoding. After restricting analyses to subjects with the best geocoding precision (exact parcel), associations remained significant for road length within a 50 m buffer and for living within 50 m of a major road (the OR even increased to 13% (95% CI: 4-22%) for "living within 50 m of a freeway or highway"). Traffic density was not
